ABSTRACT Eleven canola seed (CS) samples were collected from different commercial feedmills and crushing plants in Australia and analyzed for nutrient profile. Six of these samples were selected to determine the effect of seed chemical composition and pellet temperature (PT) during steam pelleting on apparent metabolizable energy corrected for nitrogen (AMEn) values of CS for broiler chickens using a 6 × 2 factorial arrangement of treatments. The CS samples were incorporated into a corn-soybean meal diet at 15% by replacing energy-yielding ingredients, and diets were steam pelleted at either 75 or 90
INTRODUCTION
During the past decades, rapeseed production, including canola varieties, has surpassed peanut, sunflower, and even cottonseed in production, and ranks second among oilseed crops worldwide (USDA, 2016) . Canola seed is now the third-largest crop (after wheat and barley) produced in Australia; its production has grown from 1.9 to 3.6 million metric tons/year over the past 5 yr, making the country the world's second-largest exporter of canola seed (Seberry et al., 2013) .
Canola seed (CS) is an economic feed ingredient containing well-balanced protein (19 to 22%) and a high oil content, up to 45% in some cases (Shen et al., 1983; Meng et al., 2004 Meng et al., , 2006 . The oil content in full-fat CS not only can constitute up a considerable amount C 2016 Poultry Science Association Inc. Received July 31, 2016. Accepted October 9, 2016. 1 Corresponding author: Reza.Barekatain@sa.gov.au of energy of the diet, but it can also be an excellent source of α-linolenic acid (18:3ω3; 10%), which along with its derivatives eicosapentaenoic acid (EPA, C20:5ω3) and docosahexaenoic acid (DHA, C22:6ω3) , have been shown to be important for human health, being deposited into eggs or meat products (Ajuyah et al., 1991) . However, incomplete rupture of the seed structure during feed processing may reduce the feeding value of energy yielding components due to nutrient encapsulation. Application of cell-wall degrading enzymes has been reported to improve CS nutritional value by improving feed conversion ratio, DM, nonstarch polysaccharides (NSP) digestibility, and TMEn content (Meng et al., 2006) . In addition, the disruption of seed structure through grinding and pelleting would result in degradation of subcellular lipid globules and, consequently, improved oil digestibility (Barekatain et al., 2015) . Earlier reports also have shown that grinding and heat treatment of CS enhance the nutrient utilization of CS (Muztar et al., 1978; Salmon et al., 1988) and steam pelleting was shown to enhance the nutritive value of CS in corn and soybean meal diets (Shen et al., 1983) . The nutrient composition and presence of anti-nutritional factors in CS may also affect its quality and feeding value for poultry (Khajali and Slominski, 2012) . Apart from the oil content of CS, its concentration of dietary fiber, protein, tannins, and glucosinolate are of concern. In a recent experiment, Barekatain et al. (2015) showed that fat digestibility of diets containing CS was more impaired in steam-pelleted diets compared to cold-pelleted diets. The possible impact of pellet temperature during steam pelleting and the effect of CS nutrient profile on metabolizable energy value of the seeds for broiler chickens have not been fully investigated. The objective of the current study was to evaluate the chemical and nutritive composition of full-fat canola seeds collected from different geographical locations in Australia, and to investigate the effect of low (75
• C) and high (90 • C) pellet temperature during steam pelleting on energy utilization of 6 selected CS samples differing in chemical composition.
MATERIALS AND METHODS

Seed collection
A total of 11 samples of CS was sourced from different locations in Australia. The source of seeds is shown in Table 1 along with their chemical composition. Upon receipt of the CS samples, subsamples were obtained from spatially separated sections of each of the bulk bags using a sampling probe, and a thricerifled representative composite sample for each CS was used for the chemical analyses (conducted in duplicate). Homogenous subsamples of CS were analyzed for DM, crude protein, total lysine, reactive lysine, crude fat, crude fiber, tannins, acid detergent fiber (ADF), neutral detergent fiber (NDF), glucosinolates, ash, calcium, phosphorous, and sulphur (Table 1) , and also amino acid composition (Table 2) .
Birds and housing
All experimental procedures were reviewed and approved by the Animal Ethics Committee of the University of New England, Australia. A total of 450 dayold Ross 308 male broiler chicks was obtained from a commercial hatchery. Chicks were reared and housed in battery brooders in a room with fluorescent lighting. In the first wk of age, birds had 23 h light and one h dark. Subsequently, birds received 16 h light and 8 h dark. Room temperature was gradually decreased from 33
• C during the first wk to 24 • C during the third week. From d one to 10 and 10 to 18, chicks had ad libitum access to conventional corn-soybean meal starter and grower diets, respectively, to meet the nutrient specification of the strain as recommended by Ross 308 manual (Aviagen, 2014) .
AME assay experimental diets and procedures
Six CS samples differing in chemical composition (crude fat, crude fiber, crude protein, and glucosinolate content) were selected from the 11 seeds assayed for nutrient composition. A common corn-soybean meal diet was formulated to serve as the reference diet to meet or exceed the nutrient requirements of broiler chicks as described for the Ross 308 (Aviagen, 2014) . The 6 CS samples were incorporated into the reference diet at a 15% inclusion rate at the expense of corn, soybean meal, and oil (85% reference diet +15% CS) (Table 3) . Titanium dioxide was added as an indigestible marker at 0.3% of diets. All the diets were steam pelleted at temperatures of 75 or 90
• C. The inclusion level and procedure for steam pelleting was similar to Barekatain et al. (2015) . Accordingly, a 2 × 6 factorial arrangement of treatments was employed to investigate the effect of the 2 aforementioned pelleting temperatures and 6 CS sources on ileal digestible energy (IDE), apparent metabolizable energy (AME), and apparent metabolizable energy corrected for nitrogen balance (AMEn) values of CS for growing broiler chickens. Accordingly, at 18 d of age, all the chicks were weighed and 420 chicks according to their mean body weight were randomly allocated to battery cages (80 cm × 45 cm × 50 cm) with 5 birds per cage and 6 replicate cages per dietary treatment. Birds were fed each of the 14 experimental diets (2 reference diet +12 CS test diets) for 5 d as the adaptation period followed by a 72-hour energy balance assay from 22 to 25 d of age. Fresh water and feed were available to all chicks for ad libitum intake over the adaptation and collection period. During the 72-hour collection period, feed consumption and excreta weights were recorded daily and used to calculate energy and nitrogen intake and excretion. Multiple subsamples were collected and homogenized from the total amount of excreta voided at the end of the collection period, and then a 250-gram representative sample was placed in a plastic container for further analysis.
On d 25, all birds within cages were killed by CO 2 asphyxiation. Ileal contents (portion of the small intestine from Meckel's diverticulum to approximately one cm proximal to the ileo-caecal junction) were gently removed and pooled per replicate cages, then frozen and stored at −20
• C until processed. Representative samples of excreta and digesta were freeze-dried and finely ground.
Pellet durability index
Pellet quality was determined using a standardized method for durability (Method S269.4, ASAE, 1997) using Seedburo Pellet Durability Tester (developed by Kansas State University, Manhattan). In this method, 500 g of sifted pellets were placed in a box and tumbled for 10 min at 50 rpm. The pellet durability index (PDI) was calculated as the percentage of pellets remaining after tumbling by dividing the weight of the whole pellets by 500 and multiplying by 100.
Chemical analyses
The diets, excreta, digesta, and CS samples were analyzed for DM by placing duplicate samples in a drying oven at 105
• C for 24 h (method 930.15; AOAC, 1990). Gross energy content of feed, excreta, digesta, and CS samples were determined on a 0.5 g sample using an adiabatic bomb calorimeter (IKA R Werke, C7000, GMBH and CO., Staufen, Germany) with benzoic acid as standard. Nitrogen content of feed, excreta, digesta, and CS samples were determined on a 0.25 g sample with a combustion analyzer (Leco model FP-2000 N analyzer, Leco Corp., St. Joseph, MI) using EDTA as a calibration standard, with crude protein being calculated by multiplying percentage N by a correction factor (6.25). Titanium dioxide concentrations were determined in triplicate and duplicate for diets and digesta samples, respectively, by colorimetric method as fully described by Short et al. (1996) .
Chemical analyses [methods 920.39 (for crude fat), 982.30 E (for total lysine) 975.44 (for reactive lysine) AOAC (2006) . The glucosinolate content of the meal was determined by colorimetric analyses using a spectrophotometer according to the method described by Thies (1982) with the use of tetrachloropalladate as the highly specific reagent for glucosinolates.
Calculations AME and AMEn of the reference and test diets were determined using the following equations:
AMEn(kcal/kg) = AME−[8.
Accordingly, the AMEn of the CS samples was calculated as:
CS AMEn (kcal/kg DM) = Test diet AMEn − reference AMEn × percentage of energy yielding ingredients in test diet relative to reference diet / percentage of inclusion rate (3) where GEI is the gross energy intake and GEE is the gross energy output of excreta (kcal/kg DM); 8.22 is the nitrogen correction factor reported from previous research (Hill and Anderson, 1958) ; NI is the nitrogen intake from the diet and NE is the nitrogen output from the excreta (kg); FI is the feed intake (kg). Ileal digestible energy (IDE) of the reference and test diets was calculated using the following equations:
where IE is ileal digesta gross energy content (kcal/kg DM) and IDEC is ileal digestibility of energy coefficient. Eq. 5 was used to calculate IDE of the CS samples.
Statistical analyses
Performance data (derived from pen means), IDE, AME, and AMEn values were analyzed as a 2 × 6 factorial arrangement using 2-way ANOVA of GLM procedure of SAS 9.2 package (2008) to assess the main effects (pelleting temperature and seed source) and 2-way interaction. Tukey's mean separation test was used to make pairwise comparisons among treatment means (P < 0.05). Pearson correlation coefficients and associated significance were generated using PROC GLM of SAS to determine the relationship between seeds' analyzed chemical compositions with AME, AMEn, and IDE.
RESULTS AND DISCUSSION
The nutrient composition and amino acid (AA) profile of CS samples are presented in Tables 1 and 2 . The moisture content of the seed was rather consistent with an average of 5.7% (CV% = 0.38). Crude protein and fat content ranged from 17.2 to 24.1% and 40.8 to 47.9%, respectively. The average crude fat of 42.9% across CS samples was lower than the average values of around 47.9% reported by Liu et al. (1995) and Assadi et al. (2011) but within the same range for Australian CS (Seberry et al., 2013) . The mean crude protein content of the CS was slightly lower (21.5% vs. 23.3 and 25.6%) than those reported by Golian et al. (2007) and Najib and Al-Khateeb (2004) , respectively. The GE content of the seeds exhibited small variability among the samples, with an average of 7,016 kcal/kg (CV% = 0.95), which are higher than the GE values previously determined for CS (Assadi et al., 2011) . The glucosinolate concentrations of the samples had the greatest variability ranging from 7.0 to 13.1 μmole/g of seed (CV% = 17.66), slightly higher than the values previously determined for Australian CS, which is around 8.0 μmole/g (Seberry et al., 2013) . The fiber content and composition varied considerably among samples with CV% of 7.24, 12.63, and 11.40 for crude fiber, NDF, and ADF, respectively. The average tannin concentration was around 0.39% and showed relatively low variation (CV% = 4.95). The calcium, phosphorous, and sulphur content of the seeds ranged from 0.30 to 0.45%, 0.55 to 0.80%, and 0.30 to 0.44%. Values of around 0.38% of Ca and P have been reported for CS by Najib and AlKhateeb (2004), while Assadi et al. (2011) determined a mean Ca and P content of 0.9 and 0.028%, respectively, for 3 different varieties of CS. The authors attributed the large differences in Ca and P content of seeds to the agronomic and climatological conditions and the mineral content of the soil. Excluding the maximum and minimum values, the mean values of chemical composition of the samples ranged within the values reported for Australian canola seed (Seberry et al., 2013) .
As a function of crude protein, the total AA content of the seed samples ranged from 15.97 to 22.39% with an average of 20.0%. The average Met content (0.46%) was the lowest relative to the other AA, whereas among indispensable AA, Leu and Lys contents were the highest in seed samples. The lowest and most abundant dispensable AA were Trp and Glu, respectively. The lowest variability in AA profile was observed for His, Thr, Tyr, and Ser with an average CV of 7.5% across the samples, while Trp and Pro had the greatest discrepancy among seed samples (CV% > 11.5).
The analyzed chemical composition of the experimental diets prior to pelleting and post pelleting at 75 and 90
• C are given in Tables 3 and 4 , respectively. Regardless of the pellet temperatures, pelleting per se had negligible effect on nutrient composition of the diets. No noticeable differences of pellet temperature effect were observed on analyzed composition of the diets and the values determined showed only negligible variations. The only consistent difference observed was the moisture content of feed, which tended to increase after being conditioned with high-temperature steam (90 • C) during pelleting. The CS test diets had approximately 35.0% higher crude fiber and 50.0% higher crude fat compared to the reference diets. The total phosphorous level of the CS test diets was also higher than the reference diet, and, corresponding to the phosphorous level of the seed, CS4 and CS5 test diets had the highest phosphorous content among the CS test diets. According to the data presented in Table 4 , all the CS test diets had a lower PDI compared to the cornsoybean reference diet. The CS test diet with the highest oil content in CS samples (sample 3) had the lowest PDI among the CS test diets. Increasing the pelleting temperature improved the PDI by approximately 5.0 percentage points across all the diets independent of seed source. In line with current findings, Cutlip et al. (2008) also reported that high conditioning temperature (93.3
• C) during steam pelleting increased moisture content of the diets, decreased total fines by 2.5 percentage points and increased PDI and modified pellet durability index by 4.0 and 8.5 percentage points, respectively. Increased PDI and moisture content of the diet at a higher temperature during steam pelleting are likely because of increased moisture and heat that provided additional die lubrication and feed particle adhesion (Moritz et al., 2001 (Moritz et al., , 2003 .
Throughout the experiment, the mortality was below 1% and there were no signs of viral or bacterial infections. Bird performance is shown in Table 5 . The BWG, daily feed intake, and FCR of the birds were not affected by differences in CS samples and no interaction (P > 0.05) of seed source and pelleting temperature was detected for growth performance parameters. However, birds fed CS test diets had lower feed intake and BWG, and showed a lower FCR (P < 0.05) compared to birds fed the reference diet. Feeding a diet high in glucosinolate to broiler chicks has been reported to result in reduced feed intake and growth rate, and increased mortality (McNeill et al., 2004) . However, we acknowledge that glucosinolate levels of the CS test diets in the current study may not have exceeded 4 μmol/g of diet, which has been reported as the tolerance level for broiler chicks (Mawson et al., 1994) . While the real cause of reduction in feed intake related to CS is still not fully known, the higher ME content of the CS test diets, and the reduced palatability as a result of 15% inclusion of CS, could have resulted in depressed feed intake and consequently weight gain. Table 6 summarizes the effect of seed source and pelleting temperature on IDE, AME, AMEn, and gross energy (GE) retention of CS samples. There was no interaction of seed source and pelleting temperature for IDE, AME, AMEn, and GE retention values of CS (P > 0.05). Pelleting temperature did not affect energy availability values of CS (P > 0.05). However, a significant effect of seed source was detected for all the energy utilization values of CS (P < 0.05). Theoretically, higher fat content of CS is expected to be associated with higher energy values. However, the impact of other chemical compositions, particularly crude protein, fiber content, and composition are usually overlooked. The IDE values across the CS samples ranged from 5,239 for CS1 (41.2, 16.5, and 22.5% fat, fiber, and protein content, respectively) to 5,645 kcal/kg DM for CS6 (45.8, 18 .1, and 20.2% fat, fiber, and protein content, respectively). The IDE is part of the energy available to birds from a feed ingredient prior to microbial fermentation of energy substrates in the ceca and the relatively short colon (Adeola and Zhai, 2012) . The IDE values of a feed ingredient are usually estimated to be greater than the corresponding AME values, because IDE accounts just for digested and absorbed energy in the gastrointestinal tract only up to the ileum, and the energy containing compounds of endogenous origin and urinary duct secreted post ileum are not taken into consideration. Irrespective of pelleting temperature, all the IDE values calculated for the CS samples were higher than AME values, with the highest difference being 11.3% for CS6 and the lowest difference 7.22% for CS5.
Similar to IDE, CS1 had the lowest AME and AMEn being 4,728 and 4,501 kcal/kg DM, respectively. But the highest AME and AMEn (5,071 and 4,791 kcal/kg DM, respectively) values were observed for CS2. This seed sample, despite a high level of fat (45.9%) had the lowest fiber and NDF content compared to the other CS samples. Despite the high fat content of CS3 (47.9%) compared to the other samples, it did not necessarily have the highest energy availability values. This could likely be due to its lower crude protein, higher fiber, and NDF content, since fiber is poorly digested by poultry and affects energy utilization values of an ingredient by accelerating the digesta passage rate, which in turn, may result in reduced time for digestion and thus reduced nutrient utilization (Bell et al., 1991; Khajali and Slominski, 2012) . Adeola and Ileleji (2009) also estimated 589 kcal/kg higher AME in corn distillers grains with solubles which had 50 and 45% lower concentrations of NDF and ADF, respectively, than corn distillers grains without solubles. Similar to the results of the current study, Assadi et al. (2011) indicated that heat treatment did not have any significant effect on AME and AMEn values of CS. The authors also showed that higher fat content of CS was not necessarily associated with higher Table 6 . Ileal digestible energy (IDE), AME, and AME n (kcal/kg DM) and retention of gross energy (%) of different sources of canola seed steam pelleted at 75 or 90
Seed source IDE (kcal/kg) AME (kcal/kg) AME n (kcal/kg) GE retention (%)
CS1 5239 AMEn values, and speculated that NDF and ADF content of the seed negatively affects energy utilization values of CS. Meng et al. (2006) observed more than 1,000 kcal/kg DM improvement in CS TMEn by using a combination of carbohydrase. They showed that this improvement in energy availability with enzyme supplementation was directly related to improved fat digestibility (r 2 = 0.94; P < 0.0001), which was highly correlated with improved NSP digestibility (r 2 = 0.84; P < 0.0001). These relationships between carbohydrate and fat digestibility and improved energy utilization of the CS, could signify the nutrient-encapsulating effect of cell walls in CS and the impact of its fiber content of seed on energy availability for the birds.
Retained nitrogen in the body yields energycontaining compounds with metabolites that are voided in the urine; therefore, AME values are corrected to zero nitrogen balance to adjust for the effect of differences in protein retention across birds in any assay in order to reduce the variability in estimates of AME (Leeson et al., 1977; Lopez and Leeson, 2007) . Correcting the AME values for nitrogen retention decreased the values by approximately 5.7% from the corresponding AME values across all the CS samples. Apparently, as the test diets were not deficient in nitrogen and bird's need for protein was met, catabolism of body protein was reduced resulting in a positive nitrogen balance. Reductions in the range of 4 to 10% have been reported in (Hong et al., 2002; Adeola and Ileleji, 2009; Toghyani et al., 2014) . The mean AMEn values of 4,664 kcal/kg DM obtained in this study are comparable with the values of 4,460 and 4,442 as reported by Lee et al. (1995) and Assadi et al. (2011) but slightly lower than a sample previously measured by Barekatain et al. (2015) as 4691 kcal/kg DM. In this experiment, despite the differences observed for AME and AMEn for different CS samples, no differences were detected among different sources of seed in terms of bird performance. The extent of nutrient variation, the short duration of study, and inclusion level may have been among contributing factors for this observation.
Pearson correlations between energy utilization and chemical components of CS are presented in Table 7 . Crude protein content of the CS was negatively correlated to fat content of the samples (r = −0.93; P = 0.001), and gross energy (r = −0.66; P = 0.001), but positively correlated to sulphur concentration (r = 0.95; P = 0.001). Consequently, IDE, AME, and AMEn values were also negatively correlated to protein content (r = −0.40, −0.39, and −0.32 ; respectively, P = 0.009). There was a positive correlation between crude fat of the CS samples and GE (r = 0.87), IDE (r = 0.53), AME (r = 0.712), and AMEn (r = 0.649) at P = 0.001. No strong significant correlation between crude fiber and energy utilization values of CS was detected, but ADF was negatively correlated to GE, IDE, AME, and AMEn (approx. r = −0.50; P = 0.001). Glucosinolate was positively correlated to sulphur (r = 0.86; P = 0.001), crude fiber, and NDF (r = 0.43; P = 0.001), but there was no significant correlation to AME or AMEn values. Indeed, more than one chemical component in a feed ingredient and the interactions among them may influence AMEn values. Generally, it is accepted that fiber content and composition and crude fat may have the greatest impact on AMEn content of CS. However, as the samples varied in chemical composition, the correlations obtained between crude fiber and fat with energy utilization values were not very strong.
In conclusion, the present study demonstrates that chemical composition of CS has a significant effect on its energy availability for broiler chickens. Therefore, nutritionists should be cautious of the source of data for AMEn values of CS when formulating diets to reduce feed costs and also improve bird performance. Increasing pellet temperature during steam pelleting up to 90
• C was not effective in releasing more energy from CS, but improved the pellet durability index of the diets.
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